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Available online 19 June 2006Abstract—Nuclear magnetic resonance (NMR) remains the most promising technique for acquiring atomic-resolution information
in complex carbohydrates. Signiﬁcant obstacles to the acquisition of such data are the poor chemical-shift dispersion and artifacts
resultant from their degenerate chemical structures. The recent development of ultra-high-ﬁeld NMR (at 900 MHz and beyond)
gives new potential to overcome these problems, as we demonstrate on a hexasaccharide of the highly repetitive glycosaminoglycan
hyaluronan. At 900 MHz, the expected increase in spectral dispersion due to higher resonance frequencies and reduction in strong
coupling-associated distortions are observed. In addition, the fortuitous molecular tumbling rate of oligosaccharides results in
longer T2-values that further signiﬁcantly enhances resolution, an eﬀect not available to proteins. Combined, the resolution enhance-
ment can be as much as twofold relative to 600 MHz, allowing all 1H-resonances in the hexasaccharide to be unambiguously
assigned using standard natural-abundance experiments. The use of ultra-high-ﬁeld spectrometers is clearly advantageous and
promises a new and exciting era in carbohydrate structural biology.
 2006 Elsevier Ltd.
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Open access under CC BY license.measure the range and frequency of all molecular
motions if a fair depiction of the solution conformations
of a carbohydrate is to be achieved.1 Crucially, unless
carbohydrate structures can be described in this way,
our understanding of the biology that arises from their
structural properties will be limited. Nuclear magnetic
resonance (NMR) provides the best potential to acquire
such dynamical structural information, if only spectral
resolution can be obtained, but other techniques such
as molecular dynamics simulations and hydrodynamics
also play a vital role.2,3
Also unlike globular proteins, carbohydrate molecules
generally adopt open, extended structures in solution. A
particular consequence of this is that few (NMR-active)
1H nuclei are close enough to each other to experience
nuclear Overhauser enhancements (NOEs), the main
Figure 1. (Top) Chemical structure of a hyaluronan (HA) hexasac-
charide, which comprises three repeats of a disaccharide of D-
glucuronic acid (GlcA) and N-acetyl-D-glucosamine (GlcNAc). Ring
positions are numbered from the reducing terminus. (Bottom) Com-
parison of free-induction decays of HA hexasaccharides at 600 and
900 MHz (720 ms shown in both cases). Upon Fourier-transformation
(FT), the smaller rate of exponential decay (i.e., longer T2 relaxation
time) at 900 MHz results in narrower line-widths and a concomitant
increase in resolution (the most crowded region is shown, from 4.0 to
3.7 ppm).
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tures. This is particularly problematic because consider-
ably more experimental restraints are needed to deﬁne
dynamic structures than static ones. As a result, other
observables such as rotating frame NOEs (ROEs), residual
dipolar couplings (RDCs) and conformational-
dependent scalar couplings are sought.2,4–6 However,
unless suﬃcient spectral resolution is achieved, these
restraints can either not be obtained or are measured
inaccurately.
Even at high ﬁeld (up to 600 MHz proton frequency)
the lack of spectral resolution that arises from the repet-
itive chemical structure of complex carbohydrates is the
main obstacle to their study by NMR.7 The most dis-
tinct 1H resonances come from the anomeric protons
(i.e., those attached to the linkage carbon), and resolu-
tion is usually achieved by correlating other nuclei to
them.7,8 However, for oligosaccharides derived from
polysaccharides, which comprise repeated units, even
this resolution is lost; these are therefore excellent
test-cases for the development of techniques to achieve
spectral resolution. One of the most challenging polysac-
charides to study is hyaluronan (HA), comprising a
repeated disaccharide of N-acetyl-D-glucosamine (Glc-
NAc) and D-glucuronic acid (GlcA) (Fig. 1). Unlike
other glycosaminoglycans, HA contains exclusively
b-linkages and does not have any resolution-promoting
variable sulfation or epimerization. As a result,
complete 1H assignment of HA oligosaccharides has
only been achieved before for tetrasaccharides (at
600 MHz) using chemical modiﬁcation (and not without
disagreement).9,10 However, using simple experiments at
900 MHz (COSY, TOCSY, 13C-HSQC) and without
recourse to chemical modiﬁcation, isotope-enrichment
or complicated pulse-sequences (see, e.g., Armstrong
et al.,11), we have assigned all 1H resonances within
HA hexasaccharides (Fig. 1), which was not possible
before, even at 750 MHz.12 The ease with which this
was possible has prompted us to draw attention to the
speciﬁc beneﬁts of ultra-high-ﬁeld NMR to the wider
carbohydrate community. To the best of our knowledge,
there is currently only one previous report of NMR data
recorded on oligosaccharides at such high ﬁeld.13
The ﬁrst and most obvious advantage of NMR at
higher magnetic ﬁeld is the greater intrinsic separation
of resonances. While the chemical shift is invariant to
changes in spectrometer magnetic ﬁeld-strength (B0),
the resonant frequencies of nuclei, and hence their ob-
served diﬀerences in hertz, scale linearly with B0. More-
over, homonuclear scalar couplings remain constant
with B0 and therefore complex multiplets overlap less
with neighbouring resonances at higher ﬁeld-strengths;
this also allows their ﬁne-structure to be interpreted
more easily. In addition, the greater energy of nuclear
spin-state transitions associated with the higher B0
results in a greater diﬀerence in the net magnetizationavailable for manipulation (according to the Boltzmann
distribution), signiﬁcantly improving the signal-to-noise
ratio achievable. These gains in spectral resolution,
solely due to higher ﬁeld-strengths, signiﬁcantly clarify
carbohydrate NMR spectra.
Perhaps less obvious to the uninitiated is the eﬀect of
higher ﬁeld-strength on resonance linewidths. The NMR
signal induced in the receiver coil (i.e., the free induction
decay, FID) arises from magnetization in the transverse
plane and relaxes via spin–spin relaxation mechanisms,
which are characterized by an exponential decay with
time constant T2. The transformed FID gives Lorentzian
lineshapes, with the linewidth at half-height being inver-
sely proportional to T2 (provided that other things, such
as ﬁeld homogeneity, are equal). The major determi-
nants of T2 are the overall rotational correlation time,
internal motion and B0. The overall rotational correla-
tion time (sm; colloquially referred to as the ‘tumbling
time’) represents the time it takes for a molecule to reorient
by one radian and is inversely related to T2. Large
molecules, such as globular proteins, tumble slowly
(on the order of 10 ns), giving rise to fast T2 relaxation
and hence resonances with broad line-widths. Small
Figure 2. (Top) Comparison in hertz of line-widths at half-maximum
(dotted line) for the GlcA H-1II doublet at 600 MHz (black) and
900 MHz (grey). (Middle) Dependence of T2 relaxation rate on the
overall correlation time (sm) at high ﬁeld (600 MHz) and ultra-high
ﬁelds (900 MHz and 1.2 GHz). Regions typically associated with
oligosaccharides and proteins are marked. (Bottom) Comparison of
the resolution enhancement (Rm/R600) gained by increasing the B0 ﬁeld-
strength for small oligosaccharides (with sm = 0.25 ns), a HA hexa-
saccharide with segmental motion (mass 1 kDa, sm = 0.63 ns,
se = 0.071 ns and S
2 = 0.57, as measured previously at ring III1,20)
and a protein with a mass of 12 kDa (sm = 9.2 ns, se = 0.02 ns and
S2 = 0.94, as measured for Ala33 in the C-terminal SH2 domain of
phospholipase Cc116).
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much more quickly (on the order of 0.1–1 ns), giving rise
to slower T2 relaxation and hence much sharper reso-
nances. Moreover, the dependence of T2 with B0 for
molecules with fast sm is such that at higher ﬁeld-
strengths T2 relaxation is actually more favourable,
giving yet sharper lines. In contrast, the higher overall
correlation times associated with proteins provide
negligible gain in linewidth due to spin–spin relaxation
alone. Re-sharpening of protein linewidths at ultra-high
ﬁeld therefore has to be achieved by oﬀsetting dipole–
dipole and chemical shift anisotropy relaxations around
15N nuclei in isotopically-labelled proteins using
TROSY-NMR.14,15
To illustrate the advantage of slower T2 relaxation,
the FIDs for 1D spectra of a sample of HA hexasaccha-
ride collected under comparable conditions at 600 and
900 MHz are compared in Figure 1; the exponential rate
of decay of the FID is clearly much greater at 600 MHz.
The corresponding frequency domain of the most
crowded region (i.e., 3.7–4.0 ppm) is shown, highlighting
the fact that the decreased linewidth considerably helps
spectral resolution. For example, the linewidth at half-
maximum of each component of the doublet of the
GlcA H-1II proton in HA hexasaccharide (d 4.506
ppm) decreases from 1.7 to 1.4 Hz upon increasing B0
from 600 to 900 MHz (see Fig. 2). Because chemical
shift diﬀerences that need to be resolved in repetitive
oligosaccharides derived from polysaccharides like HA
are typically 0.002 ppm (equivalent to 1.2 and 1.8 Hz
at 600 and 900 MHz, respectively), reduction of line-
widths in this manner is an important advantage of
moving to higher ﬁelds. A further beneﬁt of narrower
resonance linewidths that should not be overlooked is
the concomitant gain in signal-to-noise (20-fold better
in this case).
Spin–spin dipolar relaxation rates can be calculated
using standard equations that depend on a theory of
molecular tumbling and internal motion to describe
the spectral density function;16 typically the Lipari–Sza-
bo model-free approach17 is used for this purpose. Fig-
ure 2 shows the relationship between T2 relaxation time
and overall correlation time at high and ultra-high ﬁeld-
strengths. It can be seen that at short overall correlation
times (less than 1 ns) there is a signiﬁcant advantage in
linewidth to be gained from increases in T2 longevity,
which corresponds to overall correlation times associ-
ated with oligosaccharides and peptides. However, for
overall correlation times greater than 5 ns (i.e., those
typically associated with proteins) there is little to be
gained. This extra resolution gain due to eﬀects of T2
variability between 600 MHz and 900 MHz has a maxi-
mum contribution of a factor of 1.25 at a sm value of
0.25 ns (corresponding to di- and tetrasaccharides).
Theoretically, resolution can be described by consid-
eration of the spectral resolution of two peaks (Rm),
which is deﬁned as their separation divided by their line-
widths (both in hertz). The separation of peaks is
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frequency (m). Because a processed resonance is the
Fourier transform of an exponential FID decay, the
lineshape is by default a Lorentzian with a full-width
at half-maximum of (pT2)
1 (i.e., inversely proportional
to T2). Therefore, the resolution (Rm) can now be seen
(Eq. 1) to depend on a product of the resonant
frequency (m) and T2.Rm / T 2B0 / T 2m ð1ÞFigure 3. Strong coupling between GlcA H-3VI and GlcA H-4VI results
in virtual coupling wings18 (*) to the GlcA H-2
VI quartet. The intensity
of these wings relative to the ﬁrst-order resonances (i.e., those from
3J1,2 and
3J2,3) is considerably less at 900 MHz. The resonanceThe resolution enhancement (i.e., R900/R600) predicted
due tomoving to highermagnetic ﬁeld-strengths is shown
in Figure 2 (bottom panel) for two molecules, a small,
ﬂexible oligosaccharide with sm = 0.63 ns (as measured
previously for a HA hexasaccharide at ring III1) and a
typical protein domain with an overall correlation time
(sm) of 9.2 ns (C-terminal SH2 domain of phospholipase
Cc116). While the larger and less ﬂexible protein domain
only gains resolution from the relative spectrometer B0
frequencies (i.e., R900/R600 = 1.5), the small and ﬂexible
sugar molecule is expected to have a greater resolution
enhancement (R900/R600  1.7), that is, more than would
be expected based on the relative spectrometer frequen-
cies. The experimentally observed value for the GlcA
H-1II proton (detailed above, see Fig. 2) compares
favourably with this expectation, having an R900/R600
value of 1.8 [(1.7 Hz/1.4 Hz) · (900 MHz/600 MHz)]. A
greater resolution enhancement is achieved experimen-
tally due to the limitations of the Lipari–Szabo model-
free approach, which approximates all motions to be
either internal or overall, that is, discounting any inter-
mediate motions that undoubtedly occur. This can be
compared to the theoretical maximum resolution
enhancement of 1.9 at an overall correlation time of
0.25 ns due to both increased magnetic ﬁeld-strength
and slower T2 relaxation (i.e., twice the resolution for
only a 50% increase in ﬁeld-strength). Large oligosaccha-
rides or polysaccharides (with overall correlation times
greater than or equal to proteins) will not derive any res-
olution enhancement from their overall correlation times.
However, internal dynamics on sub-nanosecond time-
scales (i.e., segmental motions) may still result in slower
T2 relaxation and hence sharper resonance linewidths.
Another frequently encountered feature of carbo-
hydrate NMR is strong coupling, which generates distor-
tions to resonance lineshapes not predicted at ﬁrst order.
Linear combinations of pure states (such as jab> and
jba>) occur in the full quantum description of NMR,
but when the so-called weak-coupling limit is satisﬁed,
these terms become negligible. The condition for weak
coupling is shown in Eq. 2, that is, when the diﬀerence
in frequency (chemical shift · B0 frequency) between
two nuclei (DmIS) is considerably greater than the scalar
coupling (JIS) between them.indicated by § is part of the GlcA H-2IV multiplet.DmIS ¼ jmI  mSj  J IS ð2ÞThe weak-coupling limit is usually valid for protein
molecules, which generally have well-dispersed proton
resonances with relatively few large scalar couplings
(>10 Hz) between them. However, when the weak cou-
pling limit is not satisﬁed, the nuclei are said to be
strongly coupled, and distorted lineshapes and artifacts
due to non-pure quantum states arise. Such features pla-
gue carbohydrate NMR spectra because sugar rings
contain protons that are clustered within a narrow spec-
tral region (i.e., 3–4 ppm) and in glucose, galactose and
mannose derivatives there are many trans vicinal pro-
tons, which have large scalar couplings between them
(10 Hz, equivalent to 0.017 and 0.011 ppm at 600
and 900 MHz, respectively). These distortions not only
complicate interpretation of spectra but, more signiﬁ-
cantly, they prevent accurate measurement of peak vol-
umes and frequencies, which is crucial if NOEs, ROEs
and RDCs are to be used as structural restraints. At
higher ﬁeld-strengths, however, the diﬀerences in hertz
between scalar-coupled protons increases while the cou-
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strong-coupling on spectral quality. As an example, the
multiplet structure of GlcA H-2VI (from 1D spectra) is
shown at both 600 and 900 MHz in Figure 3. While this
proton shows the expected quartet from the two vicinal
3JHH couplings (i.e.,
3J1,2,
3J2,3), strong coupling be-
tween GlcA H-3VI and GlcA H-4VI produces virtual
coupling ‘wings’18 at GlcA H-2VI. The intensity of these
wings relative to the ﬁrst-order resonances (i.e., thoseFigure 4. Comparison of DQF-COSY spectra recorded in an identical man
cross-peaks that are considerably easier to assign at 900 MHz are indicated (A
H-4V, 3V (d 3.539, 3.705 ppm); B—GlcNAc, H-4III, 3III (3.519, 3.707); C—G
(3.498, 3.722); E—GlcNAc, H-6bV, H-6aV (3.918, 3.776); F—GlcNAc, H-6b
anomer); H—GlcA, H-2VI, H-5VI (3.318, 3.722); I—GlcA, H-2VI diagonal pfrom 3J1,2 and
3J2,3) is considerably less at 900 MHz
and the greater resolution achieved (through the combi-
nation of increased B0 ﬁeld and reduced linewidth)
allows this portion of the spectrum to be deciphered
considerably more easily.
The combined eﬀect of all these advantages of carbo-
hydrate NMR at high ﬁeld are illustrated in a compari-
son of 2D DQF-COSY spectra of the crowded region of
HA hexasaccharide, recorded on a single sample in anner on a sample of HA hexasaccharide at 600 and 900 MHz. Several
–G), as well as an artifact caused by strong coupling (H). A—GlcNAc,
lcNAc, H-4I, H-3I (3.513, 3.714) (b anomer); D—GlcA, H-4VI, H-5VI
III, H-6aIII (3.910, 3.764); G—GlcNAc, H-6bI, H-6aI (3.891, 3.749) (b
eak (3.318).
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most obvious contribution to the gain in resolution is
the decreased spectral width of each resonance, allowing
the COSY correlations to be distinguished more clearly.
Two of the most overlapped portions of the spectrum
are highlighted (A–D, E–G) to draw attention to the
gain in resolution achieved. It is clear from region A–
D that the sharper lines (arising from the longer T2
relaxation time) are particularly helpful in resolving ex-
tremely overlapped peaks where the diﬀerences in chem-
ical shift are comparable to the multiplet component
linewidths. Peaks E, F and G arise from the GlcNAc
geminal hydroxymethyl protons on rings V, III and I
(b-anomer), respectively, which cannot be distinguished
at 600 MHz. In contrast, at 900 MHz, even this portion
of the spectrum is interpretable, which is remarkable
considering the diﬀerences in chemical shifts between
these resonances are only 0.010 ppm (see Fig. 4 leg-
end). Strong coupling artifacts are also reduced at
900 MHz, for example the H-2VI (d 3.318 ppm) to H-
5VI (3.722) COSY cross-peak9 (Fig. 4, H) signiﬁcantly
decreases in intensity relative to the H-2VI diagonal peak
(by 33%). In combination with standard TOCSY and
13C-HSQC spectra, these increases in spectral resolution
have allowed us to unambiguously assign all 1H reso-
nances within HA hexasaccharide (manuscript in prepa-
ration). It is therefore now possible to acquire a larger
number of resolved structural restraints to produce a
better description of the range and rate of change of
conformations adopted by HA in solution.
The increasing number of 900 MHz magnets available
globally means that their use in carbohydrate NMR can
become more commonplace. Moreover, the capability to
run simple and standard spectra to achieve assignment
and acquisition of structural restraints, without having
to resort to labour-intensive isotopic enrichment, deriv-
atization, chemical synthesis or speciﬁcally tailored
NMR pulse-sequences means that such use is a viable
cost-eﬀective solution for carbohydrate analysis. It
could be argued that the large increases in eﬀective res-
olution, which can be as great as twofold for complex
carbohydrates, oﬀsets some of the cost diﬀerential
between traditional high-ﬁeld (600 MHz) and ultra-
high-ﬁeld NMR (900 MHz and beyond). These new
technologies promise to revolutionize the NMR of ﬂex-
ible carbohydrates and initiate a new era in understand-
ing their structural biology.1. Experimental
All experiments were performed at 24.6 C on a single
5 mM HA hexasaccharide sample (>95% purity, 10%
D2O, 0.02% NaN3, 0.5 mM DSS, pH 6.0), prepared as
described previously.19 Identical NMR datasets were
recorded using Varian INOVA 600 and 900 MHz spec-trometers (1H resonance frequencies of 599.8 and
899.9 MHz) equipped with room temperature 5 mm tri-
ple-resonance pulse-ﬁeld gradient probes, scaling dwell-
times as appropriate. Considerable eﬀort was under-
taken to ensure that the B0 ﬁeld was as homogenous
as possible by shimming. 1D spectra were acquired over
16,384 complex points with dwell-times of 104.0 ls
(600 MHz) and 68.9 ls (900 MHz). DQF-COSY spectra
were collected with 768 complex points in t1 and dwell-
times of 178.6 ls (600 MHz) and 119.0 ls (900 MHz)
and, in t2, 1365 (138.7 ls, 600 MHz) or 2048 complex
points (92.5 ls, 900 MHz). Spectra were processed to
obtain the maximum resolution possible from each data-
set using, where possible, identical combinations of lin-
ear prediction, window functions (cosine-bell and
Lorentz-to-Gauss transformations, apodizing to 5%
of the initial intensity) and extensive zero-ﬁlling.19Acknowledgements
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